Cannabinoids, the active constituents of marijuana, are known to impair learning and memory. Receptors for cannabinoids are highly expressed in the hippocampus, a brain region that is believed to play an important role in certain forms of learning and memory. To investigate the possible contribution of cannabinoid receptor-mediated deficits in hippocampal function to the learning and memory impairments produced by marijuana, we studied the effects of cannabinoid receptor activation on two models of learning and memory, long-term potentiation (LTP) and long-term depression (LTD), in hippocampal slices. Although LTP and LTD of CA1 field potentials were blocked by cannabinoid receptor activation in the presence of Mg 2ϩ , they could be induced after Mg 2ϩ was removed. Similarly, LTP and LTD of whole-cell EPSCs were unimpaired in the presence of cannabinoid receptor agonist when the postsynaptic membrane was depolarized during the LTP or LTD induction protocol. Cannabinoid receptor activation also reduced EPSCs and enhanced paired-pulse facilitation, while having no effect on the amplitude of spontaneous miniature EPSCs. Finally, as with cannabinoid receptor activation, inhibition of LTP by adenosine receptor activation could be overcome by removal of Mg 2ϩ or depolarization of the postsynaptic membrane during tetanus. Our results indicate that cannabinoid receptor activation does not directly inhibit the molecular mechanisms responsible for long-term synaptic plasticity but instead impairs LTP and LTD by reducing presynaptic neurotransmitter release to a level below that required to depolarize the postsynaptic membrane to relieve Mg 2ϩ blockade of NMDA receptors.
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Because the hippocampus is believed to play an important role in learning and memory and cannabinoid receptors are highly expressed in the hippocampus (Herkenham et al., 1990 (Herkenham et al., , 1991 Matsuda et al., 1990; Buckley et al., 1998; Tsou et al., 1998) , the learning and memory impairments produced by marijuana (Miller, 1984; Howlett, 1995) may be caused by its effects in the hippocampus.
Memory storage in the mammalian brain is generally believed to involve modifications of synaptic connections between neurons. In particular, long-term potentiation (LTP) of synaptic connections in the hippocampus is a compelling candidate for a cellular mechanism that underlies certain types of learning and memory (Goda and Stevens, 1996; C ain, 1997; Chen and Tonegawa, 1997) . However, it is thought that information storage requires mechanisms for weakening, as well as strengthening, synaptic efficacy. Long-term depression (LTD), the f unctional inverse of LTP, is thus also a candidate mechanism for memory formation in the hippocampus (Christie et al., 1994; Bear and Abraham, 1996) . If either LTP or LTD is impaired by cannabinoid receptor activation, learning and memory may also be impaired.
Indeed, previous studies have shown that cannabinoid receptor activation blocks field potential LTP in the hippocampus (Nowicky et al., 1987; Collins et al., 1994 Collins et al., , 1995 Terranova et al., 1995) . In addition, two endogenous ligands of cannabinoid receptors, anandamide (Devane et al., 1992) and sn-2 arachidonylglycerol (Stella et al., 1997) , inhibit LTP of hippocampal field potentials (Terranova et al., 1995; Stella et al., 1997) . These results suggest that cannabinoids may act to inhibit a protein (or proteins) required for LTP and LTD induction, perhaps via activation of the G-protein to which cannabinoid receptors are coupled (Howlett, 1995) . However, cannabinoid receptor activation has also been shown to inhibit glutamatergic synaptic transmission presynaptically in cultured hippocampal neurons (Shen et al., 1996; Sullivan, 1999) . Because hippocampal LTP and LTD require the depolarization of the postsynaptic membrane to relieve magnesium blockade of NMDA receptors and allow the entry of calcium (Malenka and Nicoll, 1993; Nicoll and Malenka, 1995) , a reduction in neurotransmitter release could impair LTP and LTD by failing to depolarize the postsynaptic cell to a level that relieves magnesium blockade.
Using whole-cell patch-clamp and field potential recordings in hippocampal slices, we found that cannabinoid receptor activation inhibited EPSCs via a presynaptic inhibition of neurotransmitter release and, in agreement with previous studies, blocked LTP of field potentials (Nowicky et al., 1987; Collins et al., 1994 Collins et al., , 1995 Terranova et al., 1995) . Here, we show for the first time that hippocampal field potential LTD was also prevented by cannabinoid receptor activation. However, holding cells at depolarized levels during LTP and LTD induction protocols allowed normal levels of LTP and LTD to be induced. Therefore, cannabinoid receptor activation does not directly inhibit the molecular mechanisms of synaptic plasticity but rather acts to reduce the probability of neurotransmitter release, which in turn prevents depolarization of the postsynaptic cell and the subsequent entry of calcium through NMDA receptors.
MATERIALS AND METHODS
Slice preparation. Mice were anesthetized by Metofane (Mallinckrodt Veterinary, Mundelein, IL) and decapitated. The brain was removed and placed in ice-cold solution (120 mM NaC l, 3.5 mM KC l, 0.7 mM CaCl 2 , 4 mM MgC l 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHC O 3 , and 10 mM glucose) bubbled with 95% O 2 /5% C O 2 . The same cold high Mg 2ϩ , low C a 2ϩ solution was used throughout the dissection procedure to prevent transmitter release and minimize injury to the cells. The hindbrain was cut away, and the flat surface of the forebrain was glued to the pan of a DSK microslicer vibratome with cyanoacrylate glue. The hippocampus was dissected out and placed in a chamber containing the same dissecting buffer perf used with 95% O 2 /5% C O 2 . Slices (350 m) were allowed to incubate at room temperature in the holding chamber for at least 1 hr before recording. Field potential experiments were performed on mice between 4 and 6 weeks of age. Whole-cell patch-clamp experiments were performed on 13-to 19-d-old mice. Because the distribution of cannabinoid receptors at birth is very similar to that in the adult (Buckley et al., 1998) , there is no reason to suspect that there would be any age-related differences in the response to cannabinoids at these different ages. Electrophysiolog y. All experiments were performed at room temperature. Individual slices were placed in a submerged recording chamber, held by a net made with flattened platinum wire and nylon threads. Slices were perf used with solution (120 mM NaC l, 3.5 mM KC l, 2.6 mM CaCl 2 , 1.3 mM MgC l 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHC O 3 , and 10 mM glucose) saturated with 95% O 2 /5% C O 2 , at a rate of 2 ml /min. Picrotoxin (25-50 M; C albiochem, La Jolla, CA) was included during whole-cell recordings to block inhibitory GABAergic currents (except where noted), and a cut was generally made between the CA1 and CA3 region to prevent recurrent excitation. Bovine serum albumin (1 mg /ml; Boehringer Mannheim, Indianapolis, I N) was run through the tubing before and after all experiments to reduce the nonspecific binding of W I N55,212-2 and other drugs. WIN55,212-2 (Research Biochemicals, Natick, MA), WIN55,212-3 (Research Biochemicals), SR141716A (a generous gift from Dr. K. Mackie, University of Washington), and 2-chloroadenosine (Research Biochemicals) were applied by bath application. WIN55,212-2, WIN55,212-3, and SR141716A solutions were made up as 10 mM stock solutions in DMSO, stored at Ϫ20°C, and used at a final DMSO concentration of Յ0.05%. 2-Chloroadenosine was made up as a 10 mM stock solution in water and stored at Ϫ20°C. Pertussis toxin (List Biologic, Campbell, CA) was used at a concentration of 5 g/ml, and slices were incubated with the toxin for at least 12 hr before recording (Hsu, 1996) .
Schaeffer collateral -commissural fibers were stimulated by ultrasmall concentric bipolar electrodes (F HC, Bowdoinham, M E) delivering 0.1 msec pulses. Stimulus intensities were adjusted to evoke similarly sized baseline responses. Field EPSPs (fEPSPs) were recorded in CA1 with glass electrodes (2-3 M⍀ resistance) filled with perf using buffer. Wholecell patch-clamp recordings were performed in CA1 pyramidal neurons according to standard techniques. The pipettes (3.5-5 M⍀ resistance) were filled with a solution containing 170 mM K-gluconate, 10 mM H EPES, 10 mM NaC l, 2 mM MgC l 2, 0.2 mM EGTA, 3.5 mM Mg-ATP, and 1.0 mM GTP-Li, with pH adjusted to 7.2 and 290 -300 mOsm. Access resistance was monitored, and only cells with stable access resistance were included in the data analysis. In whole-cell recordings, the membrane potential of the postsynaptic cell was held at Ϫ70 mV, except during LTP and LTD experiments, at which time they were held at Ϫ20 and Ϫ50 mV, respectively. Recordings were performed using an Axopatch 200 amplifier, filtered at 2 kHz, and analyzed with programs written in Visual Basic. Field EPSPs and EPSC s were evoked every 20 sec. The initial slopes of fEPSPs and peak amplitudes of EPSC s were measured for field potential and whole-cell recordings, respectively.
The fiber volley was recorded as a field potential in the presence of 20 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Cambridge Research Biochemicals, Worcester, MA) and 10 M D-(Ϫ)-2-amino-5-phosphopentanoic acid (AP-5; Research Biochemicals).
The amplitude and frequency of spontaneous miniature EPSC s (mEP-SC s) were studied by recording continuously over 300 sec in the presence of 1 M tetrodotoxin (C albiochem) before and after W I N55,212-2 application. The peak amplitudes of the mEPSC s were measured off-line semiautomatically using an adjustable amplitude threshold. All deflections from baseline that were greater than the threshold were detected. Selected events were then visually examined, and any spurious events were manually rejected, whereas any missed events were flagged for inclusion in the mean amplitude and frequency calculations. Frequencies were calculated by dividing the total number of mEPSC events by the total time sampled.
Effects of W I N55,212-2 on paired-pulse responses were studied by applying pairs of stimuli at varying interpulse intervals (20 -200 msec) . The responses to single pulses were used to generate a template that could be subtracted from the second response after 20 or 50 msec interpulse intervals to yield an accurate measurement of the response. At longer intervals, subtraction was not required to measure the peak current amplitude accurately. The peak amplitude of the response to the second pulse was averaged over 5-10 trials and divided by the averaged peak amplitude of the response to the first pulse to give a paired-pulse ratio (P2/ P1) before and after W I N55,212-2 application at each interpulse interval.
Field potential and whole-cell LTP were induced by a tetanus consisting of five trains of 100 Hz stimulation lasting 200 msec at an intertrain interval of 10 sec. C ells were held at Ϫ20 mV during tetanus. LTD was evoked by 900 stimuli at a frequency of 1 Hz for field potentials and at 2 Hz for whole-cell recordings. C ells were held at Ϫ50 mV during lowfrequency stimulation. All data were normalized to the baseline, and the percentage of LTP and LTD was calculated by averaging the response 25-35 min after induction. For these experiments, slices were incubated with 1 M W I N55,212-2 for 1-8 hr.
RESULTS

Cannabinoid receptor activation decreases the size of EPSCs in hippocampal slices
Two subtypes of G-protein-coupled cannabinoid receptors have been identified to date: CB1, which is found in the CNS and testes (Matsuda et al., 1990) , and CB2, which is found in the peripheral nervous system (Munro et al., 1993) . The effects of cannabinoid receptor activation on glutamatergic synaptic transmission in the CNS were studied by applying the selective and potent CB1 cannabinoid receptor agonist WIN55,212-2 (Compton et al., 1992; D'Ambra et al., 1992) to hippocampal CA1 pyramidal cells in intact slices. WIN55,212-2 (1-5 M) reduced EPSC amplitude by 54.3 Ϯ 3.1% (n ϭ 26; Fig. 1 ). The degree of WIN55,212-2-mediated inhibition varied from 30 to 81%, although cells from slices made on the same day generally exhibited the same amount of inhibition. This inhibition by WIN55,212-2 was observed in both the presence and absence of the GABA receptor antagonist picrotoxin, indicating that cannabinoid receptor agonist directly inhibits glutamatergic transmission (also see Paton et al., 1998) . No appreciable change in the amount of inhibition by WIN55,212-2 was observed when picrotoxin was excluded from the recording solution (data not shown), although small changes could be missed because of the variability of inhibition from slice to slice.
To establish that the reduction in EPSC amplitude was attributable to cannabinoid receptor activation rather than to some nonspecific effect, we applied the inactive form of WIN55,212-2 (Pacheco et al., 1991) (WIN55,212-3) to hippocampal slices. WIN 55,212-3 does not activate cannabinoid receptors, but at concentrations Ն3 M, this drug can directly block calcium channels in cultured hippocampal neurons (Shen and Thayer, 1998) . WIN55,212-3 (5 M) had no effect on field EPSP size (n ϭ 7; Fig.  1b ), indicating that W I N55,212-2 had no direct effect on calcium channels mediating neurotransmitter release in these slices. In addition, the effects of 1 M W I N55,212-2 were blocked by coapplication with 1 M SR141716A, a cannabinoid receptor antagonist (Rinaldi-C armona et al., 1994) (n ϭ 4; Fig. 1b ), indicating that the antagonist competitively inhibited the effects of WIN55,212-2 via the cannabinoid receptor. Finally, 1 M WIN55,212-2 did not change the amplitude of the fiber volley of the field potential recorded in the presence of 20 M C NQX and 10 M AP-5 (103.0 Ϯ 6.7%; n ϭ 4), indicating that cannabinoid receptor activation did not alter the excitability of hippocampal neurons.
An inhibitor of G i /o proteins, pertussis toxin (P TX), was used to verif y that G-proteins mediated the effects of cannabinoid receptor activation. Slices were made Ն12 hr before recording, with one-half of the slices incubated in the normal recording solution and the other one-half incubated with PTX (5 g/ml) (Hsu, 1996) . WIN55,212-2 (1 M) was bath applied to the slices incubated with PTX, and the EPSC was monitored. No appreciable change in the size of the EPSC was observed (104.0 Ϯ 5.4%; n ϭ 3; Fig. 1b ). To ensure that the lack of inhibition by WIN55,212-2 was not an artifact of the slices, we applied WIN55,212-2 (1 M) to control slices after every PTX slice, and an appreciable inhibition of EPSC size was observed (45.1 Ϯ 3.0%; n ϭ 3). These experiments indicate that the inhibition of EPSC size after cannabinoid receptor activation is mediated by inhibitory G-proteins coupled to the receptors.
The effect of cannabinoid receptor activation is not caused by a change in postsynaptic responsiveness to glutamate
The decrease in EPSC amplitude caused by WIN55,212-2 could be caused by changes in the amount of neurotransmitter released presynaptically and/or by changes in the postsynaptic responsiveness to glutamate. The amplitude of spontaneous mEPSCs was used to monitor changes in postsynaptic responsiveness to glutamate resulting from cannabinoid receptor activation. Because spontaneous mEPSCs are believed to be the postsynaptic response to a single spontaneously released synaptic vesicle, any change in postsynaptic sensitivity to glutamate should be reflected as a change in the amplitude of mEPSCs.
Cannabinoid receptor activation decreased mEPSC frequency but had no effect on mEPSC amplitude. mEPSCs were measured before and after application of 1 M WIN55,212-2 in the presence of tetrodotoxin (1 M) to inhibit spontaneous action potential firing. The mean amplitude of mEPSCs remained unchanged after drug application (9.93 Ϯ 0.22 pA before drug and 10.04 Ϯ 0.23 pA after drug; n ϭ 6; Fig. 2a,b) , and the distribution of mEPSC amplitudes was indistinguishable from that of the control ( p Ͼ 0.05, Kolmogorov-Smirnov two-sample test). These results suggest that WIN55,212-2 does not change the sensitivity of postsynaptic receptors to glutamate, in agreement with previous work in the cerebellum (Levenes et al., 1998) . WIN55,212-2 (1 M) did decrease the frequency of mEPSCs, from 0.41 Ϯ 0.08 Hz before drug to 0.23 Ϯ 0.06 Hz after drug ( p Ͻ 0.05, paired t test; n ϭ 6; Fig. 2d ), also consistent with the previous report using cerebellar slices (Levenes et al., 1998) . Altogether, these results indicate that the decrease in EPSC amplitude caused by cannabinoid receptor activation is attributable to a decrease in the amount of neurotransmitter released presynaptically (Shen et al., 1996; Sullivan, 1999) and not to any decrease in postsynaptic sensitivity to glutamate.
Cannabinoid receptor activation increases pairedpulse facilitation by lowering the probability of neurotransmitter release
To confirm that cannabinoids act to regulate the amount of presynaptic neurotransmission, paired-pulse facilitation (PPF) was measured before and after cannabinoid receptor activation. PPF is an enhancement of the synaptic response to the second of two closely spaced action potentials and is believed to reflect the effects of residual calcium from the first action potential on release triggered by the second action potential (Zucker, 1989) . PPF is enhanced if the probability of release is lowered, as in experiments with lower levels of calcium (Creager et al., 1980; Manabe et al., 1993; Mennerick and Zorumski, 1995; Debanne et al., 1996) .
The amount of PPF increased after activation of cannabinoid receptors. PPF was measured in whole-cell patch-clamped neurons at intervals between 20 and 200 msec in the postsynaptic cell before and after application of 5 M WIN55,212-2. We found that PPF increased after application of drug at all intervals (Fig. 3a) . Because 5 M WIN55,212-2 has been shown to block calcium channels directly in cultured hippocampal neurons (Shen and Thayer, 1998) , the effect of 1 M WIN55,212-2 on PPF at 50 msec intervals was also investigated. Again, the PPF after drug application was significantly increased over that of control cells (2.11 Ϯ 0.17 compared with 1.70 Ϯ 0.08, respectively; p Ͻ 0.01, paired t test; n ϭ 9; Fig. 3b ). These data are consistent with those of Paton et al. (1998) and indicate that WIN55,212-2 enhances pairedpulse facilitation via a cannabinoid receptor-mediated decrease in the amount of neurotransmitter released presynaptically.
Long-term potentiation of field potentials is only moderately impaired by cannabinoid receptor activation in the absence of Mg
2؉
Previous studies have shown that WIN55,212-2 prevents the induction of LTP of field EPSPs recorded from the CA1 region of hippocampal slices (Nowicky et al., 1987; Collins et al., 1994 Collins et al., , 1995 Terranova et al., 1995) . This inhibition could be attributable to a direct effect on proteins involved in long-term plasticity. However, it is also possible that LTP is inhibited by WIN55,212-2 simply because tetanic stimulation fails to release enough excitatory neurotransmitter to depolarize the postsynaptic neurons and relieve Mg 2ϩ blockade. If this latter hypothesis is correct, then eliminating Mg 2ϩ from the extracellular solution during tetanus should allow the induction of LTP in the presence of WIN55,212-2.
To test this hypothesis, tetanic stimulation was used to induce LTP of field potentials in the presence of WIN55,212-2 (5 M) both with and without Mg 2ϩ present. In slices with Mg 2ϩ present (1.3 mM) during tetanic stimulation (five trains of 100 Hz stimuli lasting 200 msec), the induction of LTP was prevented by the presence of WIN55,212-2 (0.98 Ϯ 0.03; n ϭ 7; Fig. 4b ), as reported previously (Nowicky et al., 1987; Collins et al., 1994 Collins et al., , 1995 Terranova et al., 1995) . However, in slices in which Mg 2ϩ was washed out before and during tetanus, the induction of LTP was reduced but still present 25-35 min after induction (1.21 Ϯ 0.06; n ϭ 10; control ϭ 1.55 Ϯ 0.12; n ϭ 4; Fig. 4b) . Application of the CB1 receptor antagonist SR141716A (1 M) before application of WIN55,212-2 blocked the inhibition of LTP by cannabinoid receptor activation (1.45 Ϯ 0.24; n ϭ 3; data not shown).
To ascertain that the effect of Mg 2ϩ washout on LTP was not attributable to variability among slices, we first induced LTP in the presence of WIN55,212-2 and normal Mg 2ϩ concentrations and then induced LTP again in the same slice after washing out the Mg 2ϩ before and during tetanus. As before, LTP was blocked in the presence of W I N55,212-2 and normal Mg 2ϩ concentrations, but when Mg 2ϩ was removed from the bath, LTP was successf ully induced, although at a reduced level (1.22 Ϯ 0.08; n ϭ 5; Fig. 4a ). The degree of LTP may have been reduced because of incomplete magnesium washout. Therefore, LTP was induced continuously in slices bathed in low magnesium (0.5 mM Mg 2ϩ and 3.5 mM Ca 2ϩ ) in the presence of W I N55,212-2 (5 M). As our hypothesis would predict, the degree of LTP was increased (1.34 Ϯ 0.12; n ϭ 6) under these conditions, suggesting that more complete removal of magnesium f urther relieved magnesium blockade of NMDA receptors. These results indicate that the machinery involved in the induction of LTP is not completely inhibited by W I N55,212-2.
Long-term depression of field potentials is unimpaired by cannabinoid receptor activation in the absence of Mg
2؉
Cannabinoid receptor activation also blocked LTD of hippocampal field EPSPs in the presence of Mg . LTD induced by low-frequency (1 Hz) stimulation for 15 min in the presence of 5 M WIN55,212-2 and normal concentrations of Mg 2ϩ (1.3 mM) was completely inhibited (1.01 Ϯ 0.01; n ϭ 7; Fig. 5b ). To determine whether this inhibition of LTD was attributable to a direct effect on LTD induction machinery, we induced LTD in the absence of Mg 2ϩ . In Mg 2ϩ -free conditions, LTD in the presence of W I N55,212-2 was unimpaired and long lasting (0.76 Ϯ 0.04; n ϭ 9; Fig. 5b ). This was not an artifact of slice-toslice variability, because low-frequency stimulation in the presence of W I N55,212-2 produced robust LTD after washout of Mg 2ϩ (0.75 Ϯ 0.03; n ϭ 5) in slices that failed to produce LTD after low-frequency stimulation in the presence of Mg 2ϩ (1.01 Ϯ 0.01; Fig. 5a ). Thus WIN55,212-2 does not directly inhibit the proteins involved in LTD.
Long-term potentiation is unimpaired by cannabinoid receptor activation when the postsynaptic membrane is depolarized during tetanic stimulation
To test further our hypothesis that cannabinoids act simply to decrease neurotransmitter release, with no direct effect on the proteins involved in synaptic plasticity, we next investigated the effects of cannabinoid receptor activation on the induction of LTP in individual neurons, using whole-cell patch clamping. In the presence of 1 M WIN55,212-2, LTP was fully induced in neurons depolarized by whole-cell voltage clamp. LTP was induced by tetanic stimulation (five trains of 100 Hz stimuli lasting 200 msec) of the Schaeffer collaterals while holding the cell at Ϫ20 mV. Because washout is a factor in whole-cell LTP experiments, a 10 min baseline was recorded immediately after breaking into the cell, followed by tetanus. Cells that failed to produce LTP were included with cells that did show LTP for consistency. The levels of LTP attained in this manner were indistinguishable from those of control cells in the absence of WIN55,212-2 (1.62 Ϯ 0.27 with drug; n ϭ 7; 1.56 Ϯ 0.11 without drug; n ϭ 8; p Ͼ 0.05, Kolmogorov-Smirnov two-sample test; Fig. 6a ). This whole-cell LTP was effectively blocked by the coapplication of an NMDA receptor antagonist, AP-5 (50 M), with 1 M WIN55,212-2 (1.03 Ϯ 0.02; n ϭ 3), indicating that this potentiation was mediated by NMDA receptors. Thus, depolarization of the postsynaptic cell was sufficient to overcome the effects of reduced neurotransmitter release and permit normal LTP expression. These data further support the hypothesis that the proteins involved in LTP induction are unaffected by cannabinoid receptor activation.
Long-term depression is unimpaired by cannabinoid receptor activation when the postsynaptic membrane is depolarized during low-frequency stimulation
Finally, the effects of cannabinoid receptor activation on hippocampal whole-cell LTD were investigated. Because our experiments studying field potentials showed that normal levels of LTD were attainable in the absence of Mg 2ϩ , we hypothesized that in whole-cell experiments holding the postsynaptic cell at a slightly depolarized potential would be sufficient to allow normal induction of LTD during cannabinoid receptor activation. Indeed, LTD was fully induced in neurons depolarized by whole-cell voltage clamp in the presence of WIN55,212-2. As before, 1 M WIN55,212-2 was added to the holding chamber after dissection. Cells were held at Ϫ50 mV during low-frequency (2 Hz) stimulation, and the LTD that ensued was both robust and long lasting (0.56 Ϯ 0.05 with drug; n ϭ 9; 0.62 Ϯ 0.05 without drug; n ϭ 9; Fig. 7a ) and was undistinguishable from that of controls ( p Ͼ 0.05, Kolmogorov-Smirnov two-sample test). Because previous work showed that cerebellar LTD-which, in contrast to hippocampal LTD, does not require activation of NMDA receptors (Linden and Connor, 1993) -was impaired under current-clamp conditions (Levenes et al., 1998) , we attempted to determine whether the same held true in hippocampal slices. When LTD was induced in the presence of 1 M WIN55,212-2 under currentclamp conditions and then again under slightly depolarized conditions, we found that LTD was indeed impaired when the cell was held in current clamp during low-frequency stimulation (0.77 Ϯ 0.07; n ϭ 4), as reported in cerebellar slices, but increased to normal levels when the cell was depolarized during lowfrequency stimulation (0.51 Ϯ 0.07; n ϭ 4; Fig. 7c ). As with whole-cell LTP, LTD was blocked in the presence of AP-5 (50 M) and 1 M W I N55,212-2 (0.99 Ϯ 0.02; n ϭ 3), demonstrating that this depression was mediated via NMDA receptors. Thus, the induction of LTD is possible in the presence of cannabinoid receptor agonists when the postsynaptic neuron is weakly depolarized, confirming that cannabinoid receptor activation does not directly affect the mechanisms of long-term synaptic plasticity in the hippocampus.
LTP can be induced after adenosine receptor activation if magnesium blockade of NMDA receptors is experimentally relieved
Previous studies have shown that adenosine receptor agonists prevent the induction of LTP of field EPSPs recorded from the CA1 region of hippocampal slices (de Mendonça and Ribeiro, 1990) . Like WIN55,212-2, adenosine is an inhibitor of presynaptic neurotransmitter release (Scholz and Miller, 1992) . Therefore, as with WIN55,212-2, eliminating Mg 2ϩ from the extracellular solution or simply depolarizing the postsynaptic membrane during tetanus should allow the induction of LTP in the presence of adenosine receptor agonist.
To test this hypothesis, we first induced LTP by tetanic stimulation delivered in the presence of an adenosine receptor agonist, 2-chloroadenosine (CADO; 10 M), and normal Mg 2ϩ concentrations; then LTP was induced again in the same slice after washing out the Mg 2ϩ before and during tetanus. As reported previously, LTP was partially blocked in the presence of CADO and normal Mg 2ϩ concentrations (1.17 Ϯ 0.05; n ϭ 4; Fig. 8a ), but when Mg 2ϩ was removed from the bath, LTP was enhanced (1.33 Ϯ 0.10). This result suggests that inhibition of LTP by CADO is likely caused by decreased levels of neurotransmitter released presynaptically. The average reduction of EPSC size by 10 M CADO was 39.7 Ϯ 4.4% (n ϭ 4; data not shown), indicating that inhibition of presynaptic neurotransmitter release by CADO (10 M) was not as complete as with WIN55,212-2 (5 M) in this preparation, which may explain why inhibition of LTP was also not as complete using CADO.
We next investigated the effects of adenosine receptor activation on the induction of LTP in individual neurons, using wholecell patch clamping. In the presence of 10 M CADO, LTP was fully induced in neurons depolarized by whole-cell voltage clamp. For these experiments, slices were recorded in solution containing 10 M CADO, and LTP was induced by tetanic stimulation while holding the cell at Ϫ20 mV. A 10 min baseline was recorded immediately after breaking into the cell, followed by tetanus. The levels of LTP attained in this manner were similar to those of control cells (1.62 Ϯ 0.25; n ϭ 5; Fig. 8b ). Thus, depolarization of the postsynaptic cell was sufficient to overcome the effects of adenosine receptor activation and permit normal LTP expression. These data further support the hypothesis that long-term synaptic plasticity can be impaired by reduced presynaptic neurotransmitter release.
DISCUSSION
Previous experiments have shown that LTP of field potential recordings in the hippocampus is blocked by cannabinoid receptor activation (Nowicky et al., 1987; Collins et al., 1994 Collins et al., , 1995 Terranova et al., 1995) . This inhibition could be caused by a direct effect on the protein(s) involved in long-term synaptic plasticity. Activation of cannabinoid receptors has been found to inhibit the production of cAMP via activation of a G-protein to which the receptor is coupled (Bidaut-Russell et al., 1990; Deadwyler et al., 1995) . This decrease in cAMP could, in turn, reduce the activity of cAMP-dependent protein kinase, which has been identified as an important modulator of LTP (Brandon et al., 1997) . Other direct effects on proteins involved in LTP and LTD are possible. However, cannabinoid receptor-mediated G-protein activation is also known to inhibit release of neurotransmitter in cultured hippocampal neurons (Shen et al., 1996) . To determine whether cannabinoid receptor activation inhibits long-term synaptic plasticity in hippocampal CA1 pyramidal cells directly by affecting proteins involved in LTP and LTD or simply by inhibiting neurotransmitter release or both, a series of experiments was performed using whole-cell patch-clamp and field potential recordings in hippocampal slices.
Cannabinoid receptor activation reduced EPSC size in CA1 hippocampal neurons to approximately one-half of its original value. Two separate experiments confirmed that these effects were attributable to cannabinoid receptor activation, rather than to some nonspecific action of the drug (such as direct blockade of calcium channels): (1) the inactive cannabinoid receptor agonist WIN55,212-3 had no effect on EPSC size, and (2) the selective CB1 cannabinoid receptor antagonist SR141716A competitively blocked the action of the agonist at the CB1 receptor. The effects of WIN55,212-2 were also blocked by pretreatment with pertussis toxin. These results indicate that the reduction in EPSC size caused by WIN55,212-2 is mediated via an inhibitory G-protein coupled to the CB1 receptor. Recent studies have shown that CB1 receptors are not expressed in the cell bodies of CA1 neurons but are strongly expressed in surrounding fibers, an expression pattern similar to that of GABAergic interneurons (Tsou et al., 1998) . The presence of a GABAergic blocker did not notably alter WIN55,212-2 inhibition of EPSC size, however, consistent with a direct effect of cannabinoid receptor activation on glutamatergic transmission (Paton et al., 1998) .
The failure of WIN55,212-2 to affect the amplitude of mEPSCs is a strong indication that cannabinoids reduce the size of EPSCs not by decreasing the postsynaptic sensitivity to glutamate but by decreasing the probability of transmitter release presynaptically. Interestingly, mEPSC frequency was significantly decreased after cannabinoid receptor activation, an effect observed with other agonists of presynaptic receptors that inhibit neurotransmitter release (Thompson et al., 1993) . Finally, paired-pulse facilitation was consistently higher after cannabinoid receptor activation, confirming that cannabinoid receptor activation directly inhibits transmitter release.
To understand how the inhibition of neurotransmitter release might play a role in cannabinoid receptor-mediated impairment of long-term synaptic plasticity, we studied the effect of WIN55,212-2 on LTP in hippocampal slices. In agreement with previous studies (Nowicky et al., 1987; Collins et al., 1994 Collins et al., , 1995  Terranova et al., 1995) , W I N55,212-2 blocked LTP of hippocampal field potentials under normal recording conditions. However, field potential LTP was induced when Mg 2ϩ was removed from the extracellular solution during tetanus. The removal of extracellular Mg 2ϩ presumably relieved the magnesium block of NMDA receptors, allowing LTP induction in the presence of WIN55,212-2. This result suggests that, in the presence of WIN55,212-2, glutamate release was insufficient to depolarize the postsynaptic neuron f ully and relieve the Mg 2ϩ block of NMDA receptors, thus preventing the glutamate-mediated entry of postsynaptic calcium that is necessary for LTP induction.
Although LTP was achieved in the presence of W I N55,212-2 when Mg 2ϩ was removed, the level of potentiation of field potentials was below that in control slices. One possible explanation for this reduction in field potential LTP is that some residual Mg 2ϩ remained, even after washout. If there were some residual Mg 2ϩ present, then the cannabinoid receptor-mediated reduction in transmitter release might not allow full relief from Mg 2ϩ blockade in all postsynaptic neurons, resulting in a reduced level of LTP. This idea is consistent with the findings that recording in low magnesium throughout resulted in increased levels of LTP, although these levels were still below those of controls. An alternative explanation is that WIN55,212-2 inhibited voltagedependent L-type calcium channels, which do not contribute to neurotransmitter release but have been implicated in the induction of certain forms of LTP (Teyler et al., 1994) . Although cannabinoid receptor activation does not inhibit L-type voltagedependent calcium channels (Twitchell et al., 1997) , it remains possible that 5 M WIN55,212-2 blocks these channels directly (Shen and Thayer, 1998) . However, our finding that preincubation with the cannabinoid receptor antagonist SR141716A allowed the induction of normal LTP in the presence of cannabinoid receptor agonist argues against a direct effect of WIN55,212-2 on L-type calcium channels. In addition, cannabinoid receptor activation has been found to activate inwardly rectifying and transient A-type potassium channels (Deadwyler et al., 1995; Henry and Chavkin, 1995; Mackie et al., 1995) . Although the lack of effect of WIN55,212-2 on the amplitude of the fiber volley argues against a cannabinoid receptor-mediated modulation of potassium channels in these slices, an enhancement of potassium currents may contribute to the reduction in field potential LTP observed in the presence of WIN55,212-2. However, in whole-cell experiments, in which the postsynaptic cell was experimentally depolarized to Ϫ20 mV during tetanic stimulation, the level of LTP in the presence of WIN55,212-2 was indistinguishable from control. Therefore, the molecular mechanisms responsible for LTP induction are most likely unaffected by cannabinoid receptor activation.
In contrast to LTP, LTD of hippocampal field potentials in the presence of WIN55,212-2 reached normal levels when Mg 2ϩ was removed from the extracellular solution. If WIN55,212-2 did have any effects on voltage-dependent calcium or potassium channels, this was evidently not great enough to block the induction of LTD. However, LTD requires lower levels of calcium influx than does LTP (Bear, 1995) . In whole-cell experiments, LTD was impaired in the presence of WIN55,212-2 when the postsynaptic cell was held in current clamp during low-frequency stimulation but reached normal levels when the cell was held at a slightly depolarized level (Ϫ50 mV). As with the LTP experiments, this suggests that cannabinoid receptor activation affects synaptic plasticity by inhibiting the amount of neurotransmitter released presynaptically, leading to insufficient depolarization to permit calcium influx into the postsynaptic neuron. By depolarizing the cell during low-frequency and tetanic stimulation, this effect is essentially bypassed, and synaptic plasticity functions normally.
Finally, experimental relief of magnesium blockade of NMDA receptors, either by removing magnesium or by depolarizing the postsynaptic cell during tetanus, resulted in the expression of LTP in the presence of another inhibitor of neurotransmitter release, 2-chloroadenosine. Our finding that inhibition of LTP by adenosine receptor activation could be rescued by experimental relief of magnesium blockade of NMDA receptors further sup- ports our hypothesis that cannabinoid receptor-mediated inhibition of LTP is caused by decreased presynaptic neurotransmitter release.
In conclusion, cannabinoid receptor activation does indeed block the induction of hippocampal LTP and LTD, candidate mechanisms for learning and memory. However, cannabinoid receptor agonists do not directly inhibit the molecular mechanisms underlying long-term synaptic plasticity but rather act presynaptically to reduce neurotransmitter release. This study provides an important step toward the goal of exploiting cannabinoids' potential benefits by identif ying the mechanism of their effects on two model systems of learning and memory.
